ABX 3 -type organic lead halide perovskites currently attract broad attention as light harvesters for solar cells due to their high power conversion efficiency (PCE). Mixtures of formamidinium (FA) with methylammonium (MA) as A-cations show currently the best performance. Apart from offering better solar light harvesting in the near IR the addition of methylammonium stabilizes the perovskite phase of 
this remarkable behavior using first principle computations. These show that the remarkable stabilization of the perovskite phase by mixing the A-cations stems from entropic gains and the small internal energy input required for the formation of their solid solution. By contrast, the energy of formation of the delta-phase containing mixed cations is too large to be compensated by this configurational entropy increase. Our calculations reveal for the first time the optoelectronic properties of such mixed A-cation perovskites and the underlying reasons for their excellent performance and high stability.
Broader context
Lead halide perovskite solar cells (PSCs) of the general formula APbX 3 where A stands for a monovalent cation, i.e. formamidinium (FA), methylammonium (MA) or Cs + and X for iodide or bromide are presently attracting intense research interest due to the stunning rise of their solar to electric power conversion efficiency (PCE) from 3% to 21% within a period of only a few years. Today's best PSCs use formulations composed of a mixture of formamidinium with methylammonium as A cations. Apart from offering better solar light harvesting in the near IR the addition of methylammonium leads to a striking stabilization of the perovskite phase of FAPbI 3 which in pure form at room temperature converts to the yellow delta phase. harvesters that demonstrate properties as either n-or p-type semiconductors with close to optimal band gaps for solar energy conversion. These favorable characteristics coupled with long carrier diffusion lengths and the feasibility of their fabrication by solution processing, leading to low production costs, make them excellent candidates as opto-electronic materials. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Methylammonium lead iodide (MAPbI 3 ) has been the most widely studied ABX 3 (where A is the organic (or inorganic) cation, B is the divalent metal cation and X the halide anion) structured perovskite material up until now. However, it decomposes rapidly at higher temperatures exhibiting discoloration after heating at 150 1C for 30 minutes in air. 18 Formamidinium lead iodide (FAPbI 3 ) has emerged as a promising candidate for use in perovskite solar cells (PSCs), primarily due to its absorption spectrum that extends further into the red than that of MAPbI 3 , potentially leading to higher current densities. [18] [19] [20] 3 . The film darkens immediately upon the adjunction of the anti-solvent chlorobenzene at room temperature. Moreover, the new perovskite is also stable at higher temperatures. Here we elucidate, for the first time, this remarkable behavior using first principle computations. Our theoretical analysis includes band structure calculations that explain the effect of cation and anion mixing on the opto-electronic properties of the materials. We fabricate mixed cation PSCs with a high PCE, the average being above 15%, exceeding the efficiency reached with pure FAPbI 3 perovskite. The mixed cation perovskite shows good stability with no discernible decrease in efficiency of unsealed solar cells following a time lapse of 1000 h under ambient conditions in the dark. We note that our experimental results agree with those of a very recent study that appeared during the final preparation of our manuscript that investigates similar mixed cation PSCs. 31 We find that the PCE can be further improved up to 18% by replacing a small fraction of the iodide in the mixed cation perovskite with bromide anions.
Results and discussion
We produced the perovskite film by spin coating a Cs Although the blue spectral shift decreases the maximum theoretical photocurrent density of the device, it is possible to obtain higher voltages when using the larger band gap absorption materials. Photoluminescence spectra, Fig. 1c, show The Pb 4f core level signals for different samples are shown in Fig. S2 (ESI †) . The Cs 0.2 FA 0.8 PbI 3 sample exhibits two dominant peaks located at 137.1 eV and 141.9 eV, corresponding to the Pb 4f 7/2 and Pb 4f 5/2 level, respectively, indicating a spin-orbit splitting of 4.8 eV. The small satellites at low binding energy are, according to previous reports, 33 due to metallic lead. After Br doping, the Pb 2+ lines show a 0.3 eV binding energy shift to a higher energy level, which could be attributed to the fact that Pb 6s orbitals have a larger overlap with the p-orbitals of iodide than bromide. All samples show strong signals from I 3d and Cs 3d core levels, and their peaks don't show any apparent shift when Br is incorporated into the structure. For the I 3d core level, following Br doping, the intensity of peaks decreased, concomitant with the decrease of I concentration in the sample. Pure Cs 0.2 FA 0.8 PbI 3 has no signal in the region of the Br core level. After incorporation of Br, the peaks assigned to Br 3d become visible, and the intensity increases as expected as a function of the Br concentration. The morphology of the film has been investigated by scanning electron microscopy (SEM). Fig. 3a shows the cross-sectional SEM image of the perovskite solar cell device. From bottom to top, the device consists of successive layers of FTO, compact TiO 2 , mesoporous TiO 2 /perovskite composite, perovskite capping layer, spiro-OMeTAD hole transporting material (HTM) and gold (Au) as counter electrode. The perovskite capping layer lies in a homogenous layer on top of the mesoporous TiO 2 /perovskite composite, separating the HTM from possible contact with TiO 2 . This conformal capping layer helps prevent charge recombination between the HTM and the electron transporter, TiO 2 . Fig. 3b shows the top view SEM image of the Cs 0.2 FA 0.8 PbI 3 perovskite film. Fig. S3 (ESI †), shows periodically aligned parallel lines resulting from the crystalline planes, indicating the high level of crystallinity of the perovskite granular structure. A high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image, Fig. 4 , illustrates the morphology of the perovskite grains, which was analyzed by scanning transmission electron microscopy energy dispersive spectroscopy (STEM-EDS). The STEM-EDS mapping of Cs, Pb, I, Br exhibits a similar pattern compared to the image of HAADF-STEM. These findings signify that the elements Cs, Pb, I, Br are homogeneously distributed within the perovskite crystals, suggesting that the Cs and Br are uniformly incorporated into the FAPbI 3 in the perovskite grain rather than existing in separate chemical phases.
We find that the remarkable stabilization of the perovskite over the non-perovskite d phase upon Cs/FA mixing can be rationalized with simple structural and thermodynamic arguments. The d phases of FAPbI 3 and CsPbI 3 differ significantly in their atomistic structure. In the case of the FAPbI 3 , the d-phase consists of 1D pillars made of face sharing PbI 6 octahedra (Fig. 5a ). These pillars, aligned along the crystallographic c direction, are separated by domains containing only FA. The d-CsPbI 3 crystal is also made of 1D PbI 3 pillars surrounded by the cation, Cs + in this case, but these pillars consist of stacked and shifted edge sharing PbI 6 octahedra (Fig. 5b) . Another significant difference is the volume per stoichiometric unit of the two systems: (Vd-FAPbI 3 B 256 Å 3 vs. Vd-CsPbI 3 B 222 Å 3 32 ). On the contrary, the a and b perovskite FAPbI 3 phases (Fig. 5c and d) are very similar to the perovskite phase of CsPbI 3 (Fig. 5e) ). This suggests that cation mixing in View Article Online the d phase is energetically highly unfavorable, while it is more favorable for the perovskite a and b phases. According to this hypothesis, in the d phase the unfavorable energetic contribution due to mixing is too large to be compensated by the mixing entropy. On the contrary, in the a and b perovskite phases the sum of the energy and mixing entropy contribution leads to a reduction of the free energy, resulting in a stabilization of the mixed 3D perovskite over the d phase. Since Cs and FA are mixed in solution, thanks to the stability enhancement the perovskite phase forms directly, before the separated d-phases can prevent mixing. This hypothesis is confirmed by the results shown in Fig. 5f where the energy and mixing entropy contributions to the free energy, together with their sum, are plotted as a function of the Cs content, in the compounds comprising Cs x FA 1Àx PbI 3 in their a, b, and d phases.
Analysis of the energetics in the d phase shows that replacement of the organic cation FA + by the inorganic cation Cs + leads to a significant destabilization (energy increase) with respect to the two pure FA and/or CsPbI 3 d phases, DEd-Cs x FA 1Àx PbI3 = EdCs x FA 1Àx PbI 3 À (xEd-Cs x PbI + (1 À x)Ed-FA 1Àx PbI). The mixing entropy contribution to the free energy, TDSd-Cs
, does not compensate this energetic penalty and, as hypothesized above, cation mixing cannot take place in the d phase. On the contrary, for the perovskite phases, either the a and b types, the sum of the energetic and mixing entropy contributions to the free energy is favorable, resulting in a stabilization of the mixed phases (see ESI † for more details). This stabilization is of the order of 0.05 eV (B2k B T at room temperature) and 0.02 eV (B0.8 k B T) per stoichiometric unit for the a and b phase, respectively. Within this simple model, the d -a or b transition temperature is reduced by B200-300 K when going from the pure FAPbI 3 to the mixed Cs x FA 1Àx PbI 3 system, which explains why the perovskite phase is stable at room temperature for the mixed compound. The increase of compound stability upon mixing may also account for the observed resistance towards decomposition at higher temperatures of mixed cation perovskites. Fig. 5f shows that the maximum stabilization is achieved at 40-60% Cs content. However, this might not be the best composition to maximize the efficiency of the solar cell. Thus, in the following we investigate how A-cation mixing affects the electronic properties of perovskites. Cation mixing alters the electronic structure of the perovskite in two ways. First, it leads to a slight widening of the band gap (Fig. S4, ESI † properties, the optimal Cs content is the result of a trade-off between the opposing effects of the Cs concentration on the band structure, i.e., the widening of the band gap and the increase of the DOS in the sub-VBM region.
Replacement of iodide with a limited amount of bromide in mixed Cs/FA perovskites, is thermodynamically favored for both the a and b phases (Fig. S6, ESI †) . The band structure of b-Cs 0.25 FA 0.75 PbI 3Ày Br y is shown in Fig. S7 (ESI †) . The main effect of substituting iodide by bromide on the pervoskite lattice is a widening of the bandgap consistent with the observed blue shift of the absorption edge (vide infra). This increase of the bandgap is due to a decrease of the antibonding overlap between the X-np (X = Br or I) and Pb-6s orbitals with respect to the pure iodide perovskite. There are two reasons for this effect. On the one hand, the different size of I and Br ions further distorts the PbI 3Ày Br y framework, resulting in a reduction of the Pb-6s/I-5p overlap (Fig. S8, ESI †) . Moreover, the more compact Br-4p orbital has a limited antibonding overlap with the Pb-6s in the inorganic framework that, at the compositions investigated, has a size that is still close to that of the corresponding iodide perovskite.
The photovoltaic properties of the perovskites were ascertained by measuring the current-voltage ( J-V) curves and by evaluating the devices' corresponding incident-photon-to-current conversion efficiency (IPCE) spectra. The representative J-V curves and their corresponding PV parameters are illustrated in Fig. 6 and tabulated in Table 1 
